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The paralogues TRPV5 and TRPV6 belong to the vanilloid subfamily of the Transient Receptor Potential (TRP) superfamily of ion channels and both play an important role in overall Ca 2+ homeostasis. . These channels are highly selective for Ca 2+ 12,13 and are expressed within a range of epithelial cell types 12, 14 . Unlike A/A nullAmice, which exhibited a defect in bone formation due to excessive loss of Ca 2+ in the urine 15 , A/A nullA mice were still viable on a normal calcium diet 16 ; however they exhibited an increase in male sterility due to a block in Ca 2+ uptake by the epididymal epithelium 16 .
In order to tightly regulate Ca 2+ entry into the cell, TRP channels engage a Ca 2+ Adependent feedback mechanism(s) to inactivate the channel (channel gating). conditions. We identify key residues for the inactivation process, including L707A, a point mutation that sensitises the system, causing an increased rate of channel inactivation in response to increased cellular [Ca 2+ ]. We rationalise that the mechanism proposed here is potentially also applicable to other CaMAdependent inactivated TRP channels.
The TRPV6 655A722 region and mutants thereof, were generated by PCR and cloned into the protein expression vector pLEICSA46, which contains a NAterminal GB1 solubility tag, a His 6 affinity tag followed by a TEV cleavage site (Protex, Leicester University). CaM wildAtype and mutants thereof, were generated by PCR and inserted into the protein expression vector pLEICSA01, which contains a His 6 affinity tag followed by a TEV cleavage site (Protex, Leicester University). The plasmids used in the electrophysiology studies were constructed as follows. TRPV6 1A725 and TRPV6 1A725(L707A) were generated by PCR and cloned into the mammalian expression vector pCINeo/IRESAeGFP
23
. All constructs were sequence verified.
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Proteins were expressed in BL21 Star (DE3) (Novagen) and purified as previously described 34 . Recombinant proteins were analysed by 16 % SDSAPAGE and stained using brilliant blue RA250. Protein concentration was determined at A 280 (Eppendorf BioPhotometer plus) using the respective extinction coefficient as determined by the ProtParam Tool (http://web.expasy.org/protparam/).
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Recombinant CaM and TRPV6 proteins were dialysed into gel filtration buffer (20 mM TrisACl pH 8.0, 150 mM NaCl and 2 mM DTT). Complexes were formed in the presence of 10 mM Ca 2+ at room temperature for 30 minutes. Analytical gel filtration chromatography was carried out using a SuperdexA75 (10/300) column (GE Healthcare) preAequilibrated and then run in gel filtration buffer. Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Fig. 2C) , effectively yielding the differential effects between the two complexes. The results of this analysis (Fig. 2D) clearly show that the major effects occur for CaM NAlobe residues with only minor changes observed for residues in the CaM CAlobe. In addition, the largest changes for the CAlobe occur for residues close in sequence to the NAlobe and are therefore likely due to their physical proximity to the NAlobe, rather than to a change in actual binding. Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 spectra (Fig. 3B) clearly indicates that residues outside of TRPV6 691A706 are also involved in this interaction. Furthermore, a qualitative analysis suggested that the differential effects predominantly involve residues specific to the CaM NAlobe, which can only be rationalised by a complex that is structurally distinct from the CaM:TRPV1 complex.
To assess the contributions of individual TRPV6 residues to lobeAspecific complexes at 1:1 and 1:2 molar ratios ( Figs 4A,B) showed that significant changes arising from the binding of the second TRPV6 moiety are almost exclusively observed for the CaM NAlobe. Interestingly, the most affected residues are part of the hydrophobic pocket on the NAlobe (Fig. 4C) , which is formed when it binds Ca 2+ 37
. (Fig. 5C ). CSP analysis shows changes predominantly for residues in the CaM WT NAlobe, with minor changes seen for the CA lobe residues closest to the NAlobe. The latter probably arise indirectly from a proximity effect. Interestingly, the mostAaffected residues cluster in the hydrophobic pocket ( Fig. 5B ) also identified for the 2;1 interaction. The mutation has increased the affinity of TRPV6 655A722 L707A for CaM WT for the first binding event by ~2Afold, but significantly, increased the affinity of the second binding event by 10Afold.
If the formation of the 1:2 complex has a functional role, the increased affinity of the second binding event resulting from the L707A mutation would be expected to stabilise the inactivated state and thus increase the rate of channel inactivation. Hence, the effect of the L707A mutation in the context of the intact channel was investigated by measuring channel inactivation in mammalian cells. TRPV6 mediated currents were recorded by wholeAcell voltage clamp in HEK293 cells expressing either WT or mutant L707A channels. We ensured proper control of intraAcellular Ca 2+ during cell culturing and experiment preparation (see methods) and leak currents were measured prior to the extracellular solution being exchanged for high Ca 2+ conditions. , two components of inactivation were observed, a rapid onset component (complete in ~50 ms) and a slow component.
Whereas the fast component rapidly recovered between pulses, after an initial delay the slow component resulted in a progressive reduction of current amplitude with repetitive pulsing (Fig. 5G ). Currents could also be observed to slowly and fully recover from inactivation over a period of several minutes under conditions of reduced Ca 2+ entry (50 ms duration pulses applied at 10 s intervals; data not shown) and inactivation was abolished in solutions without extracellular Ca 2+ (Fig. 5F ),
indicating that both components of inactivation were Ca 2+ dependent and current runA down was minimal. Mean maximum inactivation for TRPV6 and TRPV6AL707 was 86 ± 3 % (n=10) and 90 ± 1.6 % (n=12), respectively. Figs 5GAI show that inactivation of TRPV6 L707A currents was significantly faster when compared to TRPV6. The mean times to 20% (t 0.2 ) and 50% (t 0.5 ) inactivation were 4300 ± 790 ms and 6600 ± 1100 ms, respectively, for TRPV6. These were significantly reduced to 1990 ± 390 ms and 3500 ± 480 ms, respectively, for TRPV6 L707A (Figs 5H, I ).
Mean current amplitudes of TRPV6 L707A were A1600 ± 200 pA (n=11), which was significantly higher than A1050 ± 100 pA (n=11) for TRPV6. We considered the possibility that the faster inactivation of TRPV6 L707A was due to larger currents and greater Ca 2+ influx. However, the correlation between current amplitude and t 0.5 inactivation for the combined TRPV6 and TRPV6 L707A data was poor (Pearson R 2 value 0.46, n = 22) and even lower for the TRPV6 L707A data alone (Pearson R 2 value 0.23, n = 11). Thus, we conclude that the TRPV6 L707A mutation increases the rate of inactivation of functional channels in a manner consistent with the effects of this mutation on CaM binding affinity. . Here, we have used a range of biophysical techniques to characterise the interactions of CaM with the TRPV6 CAterminal tail that underpin the mechanism of channel inactivation. We deduce that this mechanism involves three distinct states of the CaM:TRPV6 complex and propose a soAcalled "twoAtail" model to rationalise our findings (cf. Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 between two monomers and is coupled to closure of the channel pore.
Our data show that the low Ca 2+ Amimicking CaM 12 Amutant forms a tight complex mediated by only the CaM CAlobe (Fig. 1) . In these latter experiments, the fluorophore was tagged on to the NAterminus of the CaM NAlobe and therefore was most likely monitoring the induced association of the CaM NAlobe with the channel, as postulated by our highACa 2+ openAstate 1:1 CaM:TRPV6 complex, rather than a direct CaM CA lobe mediated channel interaction.
In direct response to elevated [Ca 2+ ] CaM is further Ca 2+ Aloaded at its NAlobe, thus extending the high affinity binding surface to include both the CA and NAlobes.
This establishes the highACa 2+ openAstate 1:1 CaM:TRPV6 complex (Figs 2C,D) . In order to identify the key TRPV6 residues essential for the formation of this complex, we employed alanine scanning mutagenesis and assessed the ability of each TRPV6 mutant to bind to CaM WT . This analysis identified three distinct parts to the TRPV6 CaM binding interface, with the region S691AL703 functioning as the primary region for the CaM CAlobe interaction (Fig. 3C) and by analogy the residues involved in the Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Until now, the full molecular mechanism(s) of TRP channel inactivation by . In contrast, our twoAtail hypothesis is backed by experimental data that include the formation of a specific 1:2 CaM:TRPV6 complex (Fig. 4) and fully explains the effects of the L707A mutation ( CAtail competes and displaces L707 from the hydrophobic pocket, thus using CaM to form a bridge between two TRPV6 CAtails resulting in channel inactivation (Fig. 6 ).
This mode of binding has also been observed in the structures of CaM with petunia glutamate decarboxylase, where two CAtail peptides interact simultaneously; each via a single tryptophan residue with either the CaM NA or CAlobes to form a 1:2 CaM:peptide complex 47, 48 . In addition, a similar structure was also determined for CaM interacting with the CaM binding domain of the tetrameric Orai1 channel, where a 1:2 CaM:channel complex was shown to occur 49 . Finally a pseudoAatomic structure of fullAlength tetrameric aquaporinA0 in complex with CaM 50 infers a mechanism of CaM mediated channel inactivation similar to the one proposed here for TRPV6.
In conclusion, our data underpins a novel "twoAtail" model for the CaMA mediated inactivation of the TRPV6 channel. This model comprises three leads to channel inactivation. We have shown that the L707A mutation resulted in a significant increase in the rate of channel inactivation; an effect never previously observed within the TRPV family and that can only be explained by our "twoAtail" model of CaM mediated TRPV channel inactivation.
! #
We thank Dr. Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ACS Paragon Plus Environment   Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
